Measuring exercise-induced muscle activity is essential in sports medicine. Previous studies proposed measuring transverse relaxation time (T 2 ) using muscle functional magnetic resonance imaging (mfMRI) to map muscle activity. However, mfMRI uses a spin-echo (SE) sequence that requires several minutes for acquisition. We evaluated the feasibility of T 2 mapping of muscle activity using ultrafast imaging, called fast-acquired mfMRI (fastmfMRI), to reduce image acquisition time. The current method uses 2 pulse sequences, spin-echo echo-planar imaging (SE-EPI) and true fast imaging with steady precession (TrueFISP). SE-EPI images are used to calculate T 2 , and TrueFISP images are used to obtain morphological information. The functional image is produced by subtracting the image of muscle activity obtained using T 2 at rest from that produced after exercise. Final fast-mfMRI images are produced by fusing the functional images with the morphologic images. Ten subjects repeated ankle plantar ‰exion 200 times. In the fused images, the areas of activated muscle in the fast-mfMRI and SE-EPI images were identical. The geometric location of the fast-mfMRI did not diŠer between the morphologic and functional images. Morphological and functional information from fast-mfMRI can be applied to the human trunk, which requires limited scan duration. The diŠerence obtained by subtracting T 2 at rest from T 2 after exercise can be used as a functional image of muscle activity.
Introduction
Measuring exercise-induced muscle activity is essential in sports medicine and rehabilitation medicine. 1 H-magnetic resonance (MR) imaging can be used to estimate the activity of superˆcial and deep muscles, and MR imaging can document changes produced by exercise in human muscle tissue. [1] [2] [3] [4] [5] [6] [7] [8] In contrast to non-exercising tissues, muscles used during exercise appear hyperintense, and this hyperintensity declines during recovery. Exercised-induced changes in signal primarily result from increases in the transverse relaxation time (T 2 ) of tissue caused by changes in water content and are most pronounced on T 2 -weighted images. 1, 3, 7, 9 Therefore, the T 2 value of exercised muscle is higher than that of rested muscle. In addition, Adams's group correlated T 2 and electromyogram (EMG) activity during both concentric and eccentric actions during elbow ‰exion under diŠerent loads. 10 Therefore, the assessment technique usint T 2 demonstrates the usefulness of such evaluation of muscle activity after a short period of resistance training.
Numerous studies have shown the visualization of exercise-induced muscle activity as changes in T 2 . [11] [12] [13] [14] [15] [16] For example, Adams and associates used shifts in contrast on MR images in an attempt to map regions of the thigh muscle stimulated by transcutaneous electromyostimulation (EMS). 11 Similarly, Akima's team tested the coactivation patterns of individual muscles and the neuromuscular compartments of the quadriceps femoris during knee-extension exercises. 14 In particular, they proposed muscle functional MR imaging (mfMRI) as a technique for visualizing muscle activity from T 2 changes. 14, 16 However, mfMRI uses a spin-echo (SE) or multiple spin-echo (MSE) sequence to calculate T 2 , both of which require several minutes for acquisition. Unfortunately, the duration of conventional imaging techniques is restricted, so mfMRI can only be applied to the limbs.
Faster imaging methods (ultrafast imaging), such as spin-echo echo-planar imaging (SE-EPI), have been employed to increase the time resolution of such techniques. [17] [18] [19] [20] [21] [22] Studies that used SE-EPI to calculate T 2 or transverse relaxation rate (R 2 ＝1/ T 2 ) [18] [19] [20] [21] hypothesized that the contrast of SE-EPI and SE is similar. However, SE-EPI is not identical to SE or MSE, and few studies have assessed the diŠerences between them. Nevertheless, in calculating T 2 , previous studies using SE-EPI assumed that SE-EPI, SE, and MSE would yield the same results. Therefore, it is very important to clarify whether SE-EPI can be used instead of SE or MSE to calculate T 2 .
We investigated the feasibility of calculating T 2 from SE-EPI, and we propose a technique for functional T 2 mapping of muscle activity (mfMRI) using ultrafast imaging.
Materials and Methods

Subjects and protocol
Participants were 10 healthy male subjects (mean age, 20.5±1.7 years; mean height, 174.8±8.7 cm; mean weight, 59.0±2.7 kg). In accordance with the ethics committee of our institute, all subjects gave written informed consent prior to the study.
Lying down, the 10 subjects performed ankle plantar ‰exion of the right leg 200 times using a training gum-belt (Exercise Bands; Thera-Band  , Akron, OH, USA). Transverse MR images of the right calf were acquired during rest and after exercise. The sequence order was TrueFISP, MSE, and SE-EPI. For sequential image acquisition, a line was drawn on the center of the calf to allow its positioning in the center of the magneticˆeld.
MR imaging
All measurements were performed on a 1.5-tesla whole-body scanner (Symphony, Siemens, Erlangen, Germany) with a transmit/receive extremity coil. The protocol was employed TrueFISP, MSE, and SE-EPI. Functional T 2 mapping of muscle activity using ultrafast imaging (fast-mfMRI)
The ‰ow chart in Fig. 1 outlines the mapping technique. To visualize muscle activity, the generated T 2 images underwent 4 processing steps before they were fused to produce fast-mfMRI images.
Theˆrst step was to eliminate the background noise from the T 2 image (Image Processing  in Fig. 1 ). Using T 2 -weighted image background positional information, we removed background noise from the T 2 images at the pixel level. Image A is the T 2 at-rest image; image B, the T 2 after-exercise image; image C, the T 2 at-rest image after eliminating noise; and image D, the T 2 after-exercise image after eliminating noise.
The second step was to generate the diŠerence image (Image Processing  in Fig. 1 ). To acquire the activated areas, we subtracted image C from image D to make image E.
The third step involved threshold processing of image E to produce image F (Image Processing  in Fig. 1 ). Image F shows the change in T 2 value of the image above the threshold. In previous studies, T 2 changes were often reported within 20 ms in activated muscle-induced exercise. 14,23-29 Therefore, we used the range of the change in muscle T 2 induced by exercise within 20 ms as the threshold value.
The fourth step was to convert the color table of image F as a preliminary step before fusing the image (Image Processing  in Fig. 1 ) to produce image G. Finally, we made a fusion image by combining image G and the TrueFISP image after exercise.
Image and data analysis
We calculated T 2 relaxation time using Interactive Data Language software (IDL; ITT Visual Information Solutions, Boulder, CO, USA) with monoexponential linear least-squares regression of the SE-EPI and the MSE images. Stimulated echoes, created by the imperfect refocusing of pulses in multiecho sequences, have been suggested to lead to overestimation of T 2 values in MSE sequences. 30 We similarly generated T 2 maps (T 2 images) using IDL. We calculated the areas of activated mus- cle (diŠerence image) by subtracting the T 2 image produced at rest from the T 2 image produced after exercise. With the IDL software, the diŠerence image of the activated muscle areas was color-coded, segmented manually, and overlaid onto the morphological reference images produced using TrueFISP. The fast-mfMRI image was produced by fusing the diŠerence images with the TrueFISP images.
T 2 values are expressed as mean±standard error of the mean. To calculate T 2 , the region of interest (ROI) of the muscle was determined as the entire area of each muscle. In each muscle at rest (m. medial gastrocnemius [MG] , m. lateral gastrocnemius [ LG], and m. tibialis anterior [TA]), we used paired t-test to determine the statistical diŠer-ence between the T 2 values obtained from the 2 protocols; Pº0.05 was considered signiˆcant. Figure 2 shows MR images of the right calf at rest and after exercise. The changes in signal intensity (SI) show activation of the TA. However, it is di‹cult to distinguish the areas of activated muscle in Fig. 2d , which has a greater spatial resolution. Although Fig. 2e and f are high contrast images of the areas of activated muscle, we are not obtaining the adjustments of image contrast for the description of the activated areas.
Results
Table shows muscle T 2 at rest and after exercise. In each muscle, there was no signiˆcant diŠerence among the sequence protocols performed at rest. An exercise-induced increase in T 2 was seen only in the TA. Moreover, the diŠerence in T 2 detected by MSE was greater than that observed using SE-EPI.
On T 2 images, background noise impairs image clarity (Fig. 3a) . Our method enabled us to eliminate the background noise from T 2 images (Fig.  3b) , and Fig. 4 shows fusion images (fast-mfMRI) produced using SE-EPI and MSE images. The areas of activated muscle in the fast-mfMRI produced using SE-EPI agreed well with those demonstrated by the fast-mfMRI produced from the MSE images. With regard to geometric location in the fast-mfMRI, there was no major diŠerence between the morphological (TrueFISP) and functional image (SE-EPI).
Discussion
The main purpose of this study was to assess the feasibility of calculating T 2 from SE-EPI. Table demonstrates the absence of signiˆcant diŠerence between the 2 sequence protocols despite the increase in muscle T 2 after exercise. These results suggest that T 2 can be measured by SE-EPI under suitable conditions. Moreover, the change in T 2 value after exercise was higher on MSE than SE-EPI, and Takahashi and colleagues 31 reported the relaxation of muscle T 2 a few minutes after exercise. There was no signiˆcant diŠerence in the MR signal until 5 min after exercise, and the signal diminished over time (unpublished data), which would explain the higher T 2 after exercise on MSE than SE-EPI. These results suggest that evaluating muscle activity using T 2 requires a high temporal resolution. We presented an SE-EPI method with acquisition time one-twelfth that of the previous method. Therefore, we suggest that SE-EPI can be used to evaluate the impact of acute exercise on muscle activity. Findings of a previous study 32 that showed the corresponding signal intensities of SE-EPI with those of MSE with a short TE (º75 ms) revealed that T 2 could be calculated from SE-EPI when TE is short. Because SE-EPI collects the MR signals of all phase encoding by reversing gradientˆeld after emitting only one inversion pulse of 180 degrees, it cannot revise the dephasing which resulted from a diŠerence of susceptibility generated in human body. Also, though the central line in the k-space of SE-EPI aŠects only T 2 decay from spin echo (SE), the other line aŠects not only T 2 decay but also T 2 * decay. As the results, it is suggested as fol- lows. The muscle relation curve with a short TE of SE-EPI was only T 2 decay. However, as TE becomes longer, the eŠect of the T 2 * decay grows bigger. So it is thought that the T 2 decay curve with a long TE of SE-EPI did not match MSE.
In addition, SE-EPI involves a pulse sequence in which fat saturation is applied until the radiofrequency (RF) pulse, so the MR signal of fat was suppressed on SE-EPI images. It was also feared that the presence of intra-(IMCL) and extramyocellular triglycerides (EMCL) in skeletal muscle might aŠect muscle T 2 . However, using the 1.5T MR imaging scanner, we demonstrated that there was no signiˆcant diŠerence in T 2 regardless of whether MSE images included fat suppression. 32 As a result, it is suggested that IMCL and EMCL do not aŠect muscle T 2 calculations produced using a 1.5T imager. Figure 2 shows MR images of the right calf at rest and after exercise. The primary activation of the m. tibialis anterior (TA) during inner rotation of the ankle suggests that the muscle under tension, the TA muscle group, tires more easily than other muscles.
A previous study 11 described mapping technique that threshold method for extracting active muscle using T 2 (the traditional method). Although the traditional method is commonly used in exercise physiology, its ability to capture minor changes in muscle-induced exercise is questioned. Therefore, we used another technique to detect such changes. In our method, we subtracted the T 2 at-rest image from the T 2 after-exercise image to remove background noise. T 2 -weighted SE-EPI images show a large diŠerence in signal intensity between parenchymal tissue and background noise, but background noise can be eliminated from T 2 images through the use of a background noise threshold and positional information on T 2 -weighted images. Regarding the geometric location of fast-mfMRI, there was no major diŠerence between the morphological (TrueFISP) and functional images (SE-EPI).
In general, SE-EPI images display water content well, but their low spatial resolution yields poor morphological information. To visualize both morphological and functional information, we used fusion images. Using TrueFISP images for morphological reference, we could distinguish red vessels in activated muscle. The scan time of the fast-mfMRI (22 s) is much shorter than that of mfMRI (4 min 20 s), and fast-mfMRI can be acquired in a single breath. 33 
Conclusion
We present fast-mfMRI with acquisition time one-twelfth that of the previously used method. The technique provides morphological and functional information and can be applied to human skeletal muscle, in which scan duration is limited.
